Abstract Benzophenanthridine alkaloids represent a very interesting and significant group of natural products that exhibit a broad range of biological and pharmacological properties. Among this group of alkaloids, sanguinarine, nitidine, fagaronine, and chelerythrine have the potential to form molecular complexes with DNA structures and have attracted recent attention for their possible clinical and pharmacological utility. This review focuses on the interaction of these alkaloids with polymorphic DNA structures (B-form, Z-form, H L -form, and triple helical form) reported by several research groups employing various physical techniques such as spectrophotometry, spectrofluorimetry, circular dichroism, NMR spectroscopy, thermal melting, viscometry as well as thermodynamic analysis by isothermal titration calorimetry and differential scanning calorimetry to elucidate the mode and mechanism of action at the molecular level to determine the structure-activity relationship. DNA binding properties of these alkaloids are interpreted in relation to their biological activity.
Introduction
Alkaloids are nitrogen-containing bases produced mostly by plants during metabolism. They occupy an important position in applied chemistry and also play an indispensable role in medicinal chemistry. People were using alkaloids as drugs even before their chemistry and biological mode of action were understood. With the development of science, chemists, physicists, and biologists are not only isolating more and more naturally occurring alkaloids but are also trying to prepare synthetic alkaloids with more potential biological activity. The mode of action of many alkaloids in current clinical use for the treatment of cancer, genetic disorders, and microbial and viral diseases is believed to be based on their highly specific but noncovalent and reversible intercalative binding to nucleic acid structures and subsequent modification of the genetic material (Denny 1989; Hurley 2002) .
The physical and molecular basis of interaction of natural alkaloids with nucleic acid structures have been a subject of extensive study in the recent past (Waring 1981; Ren and Chaires 1999; Maiti and Kumar 2007a, b) . In this context, the quaternary benzophenanthridine group of alkaloids has been the focus of increasing attention for their potential clinical and pharmacological utility. In this group of alkaloids, sanguinarine, nitidine, fagaronine, and chelerythrine ( Fig. 1) are the most important compounds noted for their low toxicity and diverse biological activities. This review focuses on the biophysical aspects and the biological implications of the complex formation of these alkaloids with various DNA structures. These aspects of the alkaloids have been extensively investigated in the laboratory of the authors as well as in many others for the last two decades in order to assess their structure-activity relationships.
Interaction of benzophenanthridine alkaloids with DNA structures
The anticancer activity of many small molecules is believed to be due to their interaction with DNA. The elucidation of the physicochemical characteristics of such interactions is of considerable interest from the standpoints of chemistry and biology. A wide variety of physical techniques such as UV-VIS absorption and fluorescence spectroscopy, circular dichroism (CD), mass spectroscopy, NMR spectroscopy, X-ray crystallography, electron microscopy, isothermal titration calorimetry (ITC), differential scanning calorimetry (DSC), and viscometry have been employed for determining binding mode, stoichiometry, affinity, and selectivity of noncovalent complexes between small organic molecules and nucleic acid structures.
Sanguinarine (iminium)-B-DNA interaction
The physical and molecular basis of the interaction of sanguinarine (iminium) with several naturally occurring and synthetic DNAs of different base compositions and sequences was first demonstrated by Maiti and colleagues (Maiti et al. 1982 Nandi and Maiti 1985; Maiti and Nandi 1987) . Further, they reported the complex formation of sanguinarine (iminium) with DNA by a mechanism of intercalation. On binding to DNA, the absorption spectrum of sanguinarine (iminium) undergoes bathochromic and hypochromic changes exhibiting a clear isosbestic point (Fig. 2a) , quenching of the steady-state fluorescence emission intensity (Fig. 2b) , stabilization of the thermal melting temperature of DNA against thermal strand separation (Fig. 2c) , and strong perturbation of the CD pattern of DNA (Fig. 2d) . Although sanguinarine is achiral, it exhibited extrinsic CD signals when bound to DNA as a result of effective coupling of its electronic dipole allowing transitions with the chirally organized nucleobases (Maiti and Nandi 1987) . Sanguinarine increases the contour length of sonicated rod-like duplex B-DNA depending on base composition and induces the unwinding-rewinding process of covalently closed superhelical DNA by 27°, conclusively proving the intercalative binding mode. The intercalative binding of sanguinarine to B-DNA was subsequently reported and confirmed by several groups (Faddejeva et al. 1984; Smekal et al. 1984; Nafao et al. 1985) .
The binding parameters for the interaction of sanguinarine with various naturally occurring and synthetic DNAs presented in Table 1 show that its interaction with poly(dG-dC). poly(dG-dC) was the strongest; with other polymers the interaction differed in the order poly(dG).poly(dC) > Micrococcus lysodeikticus DNA > Escherichia coli DNA > calf thymus DNA > Clostridium perfringens DNA > poly (dA-dT).poly(dA-dT) > poly(dA).poly(dT). Essentially sanguinarine exhibits GC base-pair specificity. The sequence selective binding of sanguinarine to DNA was studied by the Waring group (Bajaj et al. 1990 ) through the use of DNase I footprinting techniques. The footprinting pattern established Fig. 1 Chemical structures of four quaternary benzophenanthridine alkaloids and the two forms of sanguinarine a mixed nucleotide sequence for binding of sanguinarine to DNA. Saran et al. (1995) first studied the interaction of sanguinarine with calf thymus DNA by using high field 1 H NMR and reported the assignment of all the proton resonances in the molecule through a combination of 2D-COSY, NOESY, and ROESY techniques. The proton NMR spectra of sanguinarine with increasing concentrations of calf thymus DNA at 298 K revealed that almost all of the resonances were shifted downfield on binding to DNA (Fig. 3a) Again, for a fixed ratio of sanguinarine to calf thymus DNA, significant changes in the chemical shifts with increasing temperature showed the strong binding of sanguinarine to the DNA helix (Fig. 3b ) by intercalation. It is known that the thermodynamic aspects of small molecule binding to DNA structures provide a wealth of information such as the energetics, binding affinity, stoichiometry, and also hydration/dehydration effects that occur in a binding reaction (Gallagher and Sharp 1998) . Using a combination of spectrophotometric and spectrofluorimetric techniques, Maiti and his group (Sen et al. 1996) first reported the thermodynamics of binding of sanguinarine to a series of natural and synthetic DNA duplexes of differing base compositions and sequences over a wide range of temperatures and salt concentrations. The sign and magnitude of the thermodynamic parameters of sanguinarine complexation were dependent on the base composition being characterized by negative enthalpy and positive entropy change for all natural DNAs and AT polymers and negative enthalpy and entropy changes for GC polymer.
Recently Adhikari et al. (2008) investigated the thermodynamic aspects of sanguinarine on binding to natural and synthetic DNAs of differing base-pair sequences by using the ITC technique under various environmental conditions. The ITC profile for the binding to calf thymus DNA is presented in Fig. 4a ,b. Sanguinarine showed high affinity to an alternating GC polymer with binding constant of 6.03×10 6 M -1 (Table 2) . Except for the homopolymer of AT that produced endothermic heats, in all the other systems, the bindings showed exothermic heat evolution. Thermodynamic parameters suggested the binding to be exothermic and enthalpy driven, which is typical for intercalative binding with significant hydrophobic contribution. The binding affinity to calf thymus DNA was found to be 0.95×10 5 M -1 , which decreased with an increase in ionic strength and temperature. The free energy (∆G) of the interaction more or less remained between -7.56 to -9.62 kcal/mol for all DNAs.
Further studies on the temperature dependence of the binding enthalpy were performed to determine the change in heat capacity (∆Cp) with the equation ΔCp ¼ d ΔH=dT ð Þ . The temperature dependence of the thermodynamic parameters of sanguinarine on binding of calf thymus DNA is presented in Fig. 4c , and the value of ∆Cp was found to be -589.94 mol -1 K -1
. The binding of sanguinarine with calf thymus DNA was further characterized using the DSC technique (Hossain and Kumar 2009) , showing a strong stabilization of as much as 30°C with a binding constant of 1.41×10 6 M -1 .
Sanguinarine (alkanolamine)-B-DNA interaction
Sanguinarine shows very interesting characteristics in aqueous buffers of various pH values from the standpoint of its absorption and fluorescence spectral behavior. Using a combination of spectrophotometric and spectrofluorimetric measurements, Maiti and colleagues (Maiti et al. 1983 ) first demonstrated that sanguinarine has a pH-dependent structural equilibrium between the iminium (charged) and alkanolamine (neutral) forms with pKa value of 7.4. Sanguinarine remains almost exclusively as iminium and alkanolamine forms in the pH range 1.0-6.0 and 8.5-11.0, respectively. The pH-dependent structural transition between sanguinarine iminium and alkanolamine forms is represented in Fig. 1 . The stability of the two forms was later confirmed by Jones et al. (1986) and by Moterich et al. (2007) from the analysis of absorption, fluorescence, and NMR spectroscopy as well as by HPLC analysis and surface-enhanced Raman scattering spectral characteristics. It was suggested that conversion from iminium to alkanolamine form may enhance the antimicrobial activity by increasing cellular availability of the alkaloid due to the greater lipophilicity of the alkanolamine form (Jones et al. 1986 ). Smekal et al. (1984) investigated the interaction of sanguinarine (alkanolamine) with duplex DNA and suggested that the alkanolamine form formed a partially intercalated complex. This observation was contradicted by Sen and Maiti (1994) based on results obtained from extensive spectrophotometry, fluorescence polarization anisotropy, thermal melting, circular dichroism, and viscometric analysis. It was reported (Sen and Maiti 1994; Maiti Maiti et al. (1984) and Nandi and Maiti (1985) b K a is the binding constant c ∆Tm is the difference between the T m of the DNA in the presence of alkaloid and the T m of the free DNA d β is the slope of the equation
where L and L o are the contour length of the helix in the presence and absence of ligand and η and η o are the intrinsic viscosities (approximated by the reduced viscosity) of DNA solution in the presence and absence of the ligand e L p % is the percent helix length calculated from
where r is the number of ligand molecules bound per mole of nucleotide et al. 2002) that the alkanolamine form of sanguinarine does not bind to duplex DNA. It is pertinent to point out that the alkanolamine form is neutral and its structure has a partial saturation leading to nonplanarity and is unable to bind to DNA. However, the alkanolamine form can be transferred to the charged iminium form-DNA complex at a very high concentration of DNA (Fig. 5b) . This conversion of alkanolamine form to iminium form can be explained by a shift in the equilibrium shown in Scheme 1.
Sanguinarine (iminium)-Z-DNA interaction
It is known that B form DNA can adopt a variety of polymorphic conformations depending on the nucleotide sequence and environmental conditions (Saenger 1984) . Of the structures so far known, perhaps the most striking example is the Z-DNA, which is a left-handed duplex conformation with Watson-Crick base pairs that can be generated easily in alternating purine-pyrimidine sequences in high sodium salt concentrations (Pohl and Jovin 1972) . It was further established that Z-DNA can be generated easily in solutions of poly(dG-dC).poly(dG-dC) and more easily in its methylated analogue in the presence of divalent cations, such as Mg hexamine cobalt chloride (Co(NH 3 ) 6 ]Cl 3 ), or millimolar concentrations of polyamines (Jovin et al. 1987) . To evaluate the affinity and mode of binding of sanguinarine to Z-DNA, Das et al. (1999) first reported that on addition of the alkaloid to the left-handed conformation of poly(dGdC).poly(dG-dC) and poly(dG me5 -dC).poly(dG me5 -dC), the alkaloid does not bind to Z-form but converts the Z-form back to the bound right-handed form as evidenced from CD (Fig. 6a) and absorption spectroscopy studies. Sanguinarine inhibits the rate of B to Z transition under ionic conditions that otherwise favor the left-handed confirmation of the polynucleotides. It was established that about two to three base pairs of Z-form switched to the right-handed form for each bound molecule of sanguinarine .
Protonation of DNA has been studied for several years (Maiti and Kumar 2007b and references therein) but has gained considerable significance from the observation of Chen (1984) that a left-handed (Z-like) conformation could be generated in poly(dG-dC).poly(dG-dC) structure at acid pH. B-form duplex poly(dG-dC).poly(dG-dC) and its methylated cytosine analogue can form a variety of unique structures depending on ionic strength, pH, and various other environmental conditions (Saenger 1984) . From extensive UV absorption, circular dichroic spectroscopic, and thermal melting studies, the author's laboratory has advanced a model of left-handed structure with the formation of Hoogsteen base pairing at low pH and low molarity (Kumar and Maiti 1994) . It was determined to be yet another polymorphic form of DNA, and its name was coined as H L -form (Maiti 2001 ). The molecular architecture of H L -form DNA appears to be unique, stable, and distinctly different from that of the left-handed Z-DNA. Fig.6b ). It was revealed that approximately two to three base pairs of H L -DNA switched to the bound right-handed B-form for each bound sanguinarine molecule Maiti 2001) . Binding isotherms obtained from spectrophotometric data showed that sanguinarine binds strongly to the B-form poly(dG-dC). poly(dG-dC) structure in a noncooperative manner in sharp contrast to the highly cooperative interaction with H L -DNA.
Sanguinarine (iminium)-triplex DNA interaction
In recent years, increasing interest has been focused on triple helical nucleic acid structures due to the high selectivity of the third strand, which illustrates a variety of potential applications in molecular biology, diagnostics, and therapeutics (Hélène 1991) . Several intercalating molecules have now been reported that can preferentially stabilize the third strand of triplex structures (Ren and Chaires 1999; Ray et al. 1999) . Latimer et al. (1995) first demonstrated that sanguinarine binds strongly to poly(dT).poly(dA)xpoly (dT) but weakly to poly(dC).poly(dG)xpoly(dC + ) triplex ("dot" Watson-Crick pairing and "cross" Hoogsteen base pairing) from thermal melting studies. The author's laboratory (Das et al. 2003 ) studied the binding of sanguinarine to DNA triplexes more quantitatively and reported that sanguinarine binds to poly(dT).poly(dA)xpoly(dT) and poly(dC).poly(dG)xpoly(dC + ) triplexes by intercalation in a noncooperative manner and that the binding was stronger to DNA triplexes than to their corresponding duplex structures. It was further revealed (Das et al. 2003 ) that sanguinarine stabilized the Hoogsteen base-paired third strand of DNA triplexes more tightly compared to their Watson-Crick strands (Fig. 7a,b) . A thermodynamic study revealed (Das et al. 2003 ) that the process of binding of sanguinarine to the poly(dC).poly(dG)xpoly(dC + ) triplex was exothermic and enthalpy driven while that to poly(dT).poly (dA)xpoly(dT) triplex was exothermic and entropy driven. DNA binding aspects of nitidine, fagaronine, and chelerythrine Nitidine, fagaronine, and chelerythrine, which are strictly different from sanguinarine in the type and position of substituents in their aromatic rings (Fig. 1) , exhibit pronounced cytotoxity (Cabrespine et al. 2005 ) and anticancer activity (Ahmad et al. 2000) . The potential anticancer activities of these alkaloids may be attributed to their binding to chromosomal DNA. Prado et al. (2004) reported that nitidine and fagaronine bind to duplex DNA by the mechanism of intercalation. Recently a comparative study on the binding of sanguinarine, nitidine, and chelerythrine with calf thymus DNA, poly(dG-dC).poly(dG-dC), poly (dA-dT).poly(dA-dT), and several sequence-designed double-stranded oligonucleotides was performed using spectrophotometric and spectrofluorimetric techniques to elucidate their sequence selectivity for DNA binding (Bai et al. 2006; Urbanova et al. 2009 ). Fluorescence titration of DNA with three alkaloids was performed in acidic buffer at pH 5.30 to ensure that these alkaloids exist exclusively as the iminium form (Bai et al. 2006) . Upon binding to DNA, the steady-state fluorescence of sanguinarine and nitidine was greatly quenched, while that of chelerythrine was sharply enhanced. The binding affinities of these alkaloids with calf thymus DNA, poly(dG-dC).poly(dG-dC), poly (dA-dT).poly(dA-dT), and duplex oligodeoxyribonucleotides are listed in Table 3 .
The binding constants of three alkaloids with CT DNA were found to be in the order sanguinarine > nitidine > chelerythrine. Sanguinarine showed much higher selectivity towards poly(dG-dC).poly(dG-dC) than chelerythrine and nitidine. For the sequence selectivity, both sanguinarine and nitidine bind preferentially to 6-mer d(TGCGCA) 2 and 8-mer d(ATGCGCAT) 2 (alternating GC base pairs), exhibiting quite distinct sequence selectivity of sanguinarine and nitidine. Comparison of the binding constants also suggests that sanguinarine, nitidine, and chelerythrine show a remarkable structure-activity correlation when bound to duplex DNAs (Table 3 ). The more planar molecule sanguinarine in general has much higher binding constants than nitidine and chelerythrine towards CT DNA, poly(dG-dC).poly(dG-dC), and poly(dA-dT).poly(dA-dT). Further studies (Bai et al. 2006) showed that all three alkaloids bind to duplex DNA through the mechanism of intercalation similarly to sanguinarine as evidenced from spectrophotometric titration and competitive ethidium bromide displacement assays.
Fagaronine has been shown to bind calf thymus DNA with a binding constant of 2.1×10 5 M -1 by intercalation (Pezzuto et al. 1983) . Recently Raman, surface-enhanced scattering (SERS), and flow linear dichroism (FLD) spectroscopy techniques were employed to study the interaction of fagaronine with duplex DNA (Ianoul et al. 1999) . The FLD data suggest that fagaronine is a strong major groove intercalator with stoichiometry of one fagaronine molecule per two DNA base pairs. The SERS study of the fagaronine-DNA complex showed that the OH group of fagaronine plays a key role in DNA binding by formation of an H-bond with DNA. It was suggested that molecular planarity plays an important role for DNA-binding activities of all three alkaloids and may provide some important guidance for the quaternary benzophenanthridine alkaloid-based anticancer drug design (Todor 2003) .
Biological implications
Alkaloids are known to have an important role in medicinal chemistry due to their extensive biological activity. Especially noteworthy is the quaternary benzophenanthridine alkaloids that are widely distributed in several botanical families (Papaveraceae, Rutaceae, Fumaraceae, Ranunculaceae, etc.) exhibiting extensive therapeutic applications (Chen et al. 2005) . The most important members of this group are Bai et al. (2006) b Data obtained from Prado et al. (2004) sanguinarine, nitidine, fagaronine, and chelerythrine, which are the subject of practical and research interest because of their broad range of biological applications, both beneficial and adverse due to their quaternary nitrogen and their polycyclic planar structure. In fact plants containing sanguinarine have been used as Chinese and folk medicines for the treatment of human cancer and other diseases (Chen et al. 2005; Qin et al. 2006 ). In the U.K. and U.S.A., sanguinarine is used in mouthwashes and toothpastes to inhibit dental plaque and to protect gingival cells (Southard et al. 1987) . The alkaloid sanguinarine exhibits excellent antimicrobial, antioxidant, anti-inflammatory, and proapoptotic properties (Malikova et al. 2006) . It has been shown to have multiple cellular targets, for example, it inhibits microtubule assembly better than colchicines (Wolff and Knipling 1993) , has effects on membrane permeability, and inhibits a wide variety of enzymes that are involved in signal transduction pathways leading to cell proliferation and/or cell death (Hussain et al. 2007) . At the same time, sanguinarine has been found to be less toxic towards normal cells, including normal human epidermal keratinocytes (Ahmad et al. 2000) . Several mechanisms have been proposed to explain its antiproliferative activities (Adhami et al. 2004; Vogt et al. 2005) . More recent results clearly correlate the cytotoxicity of sanguinarine to DNA intercalation and subsequent ability to induce strand breaks and other damage (Kaminskyy et al. 2008) .
The in vitro cytotoxicity of sanguinarine was studied using cell lines and primary cells from oral human tissues (Babich et al. 1996) . The results established the potential use of sanguinarine for the inhibition of growth of SG gingival epithelial cells and KB carcinoma cells due to its complex formation with DNA. Sanguinarine has, on the other hand, been identified as the principal constituent responsible for argemone oil toxicity causing epidemic dropsy syndrome (Das and Khanna 1997) . Recently Serafim et al. (2008) reported that sanguinarine is primarily accumulated by cell nuclei, causing inhibition of cell proliferation and inducing cell death. At low concentrations, sanguinarine induces mitochondrial depolarization in a sub-population of melanoma cells. These findings along with the reported covalent modification after in vitro metabolic activation of the alkaloid by the microsomal fraction of rat hepatocytes underscore the possibility of biotargets other than DNA in the cell (Stiborova et al. 2002) .
Nitidine and chelerythrine, which are planar but differ slightly from sanguinarine, are the active constituents of herbal medicines Radis Zanthoxyli Nitidi and Herba chelidonii, respectively. Nitidine displays antileukemic activity and exhibits pronounced cytotoxic activity (Janin et al. 1993; Prado et al. 2004 ) and also anticancer activity, which may result from its capacity to intercalate into DNA (Chang et al. 2003 ). Chelerythrine possesses a broad spectrum of pharmacological activities including antimicrobial (Giuliana et al. 1997) , antitumor (Ahmad et al. 2000) , and antileukemic (Wang et al. 1993) activity. It was shown that its antitumor activity is mediated via cell viability and DNA damage effect in mouse spleen cells and mouse lymphocytic leukemic cells (L1210). The results suggest that cytotoxic and DNA damaging effects of chelerythrine are more selective in these cells (Prado et al. 2004) .
Fagaronine has been found to possess antimalarial (Kassim et al. 2005 ) and antileukemic properties (Barret and Samvaire 2006) . It exhibits antitumor and anticancer activity (Benoist et al. 1989) . Fagaronine has been demonstrated to be a reverse transcriptase inhibitor in an in vitro screening system for HIV antiviral activity in cell culture (Novak et al. 1991 ). It appears to be active at very low concentrations (nanogram) in cell culture, which suggests its utility as an antiviral agent in the therapy of HIV infection. Sanguinarine, fagaronine, nitidine, and chelerythrine display antileukemic and antitumor activities. Indeed, these alkaloids have been shown to act as topoisomerase inhibitors. Sanguinarine has been reported to have Topo II poisoning properties in mammalian cells. More recent immunocytological studies in MCF-7 breast cancer cells showed that sanguinarine induces a striking disruption of nucleocytoplasma trafficking of cyclin D1 and Topo II in mammalian cells (Holy et al. 2006) . Fagaronine and nitidine have been shown to be cytotoxic and act as Topo I inhibitors at low concentrations and Topo II inhibitors at higher concentrations (Holden et al. 1999 ).
Conclusions and perspectives
The use of plants as medicines by humans dates back several thousand years. Alkaloids of plant origin are natural products that play an indispensable role in chemistry, biology, and medicine. Among the alkaloids, the benzophenanthridine group exhibits significant diverse biological and pharmacological properties. In view of their extensive occurrence in various plants and their very low toxicities, prospective development of these alkaloids as effective anticancer and antileukemic agents is a matter of significant current interest. The interaction of sanguinarine, nitidine, fagaronine, and chelerythrine with various DNA structures and their relation to biological activity indicate detailed binding mechanisms at the molecular level for structure-activity relationships. Review of the large amounts of published data suggests that the iminium form of each of these alkaloids binds to duplex Bform DNA very strongly by intercalation.
The alkanolamine form was reported to have greater cellular availability than the iminium form due to its greater lipophilicity (Jones et al. 1986) , while the iminium form of these alkaloids is expected to play an important role in the biological activities such as cancer and topoisomerase inhibition, due to a positive charge on the polyaromatic nucleus, which facilitates intercalative binding with DNA. Thus the DNA binding results for sanguinarine, nitidine, fagaronine, and chelerythrine presumably shed light on the molecular mechanism of their anticancer activities. The structure-activity relationships of these alkaloids may provide some important guidance for the design of quaternary benzophenanthridine alkaloid-based anticancer drugs. Again, the differential binding of alkaloid to Z-DNA, H L -DNA, and triplex DNA structures may convey some specific meaning for their regulatory role in biological systems.
